Abstract The potential and limits of different configurations of the BioDenitro-alternating process to suit the various design cases that can arise depending on the wastewater characteristics, space necessary and effluent nitrogen requirements were analysed through simulations of the activated sludge model No. 2. The first analysis involved the combination in one cycle of the main phase in the alternating reactors with an aerated phase having the two reactors in aerobic conditions and/or a hydraulic phase using the flow only in the anoxic reactor. This option has been found to have a very high potential for cases with strict requirements concerning effluent total nitrogen, but limited when the requirements are low effluent NH 4 -N, relatively high effluent total nitrogen and minimum solids and hydraulic retention times. When the latter conditions have to be fulfilled the incorporation of a post-aeration reactor to the alternating reactor was found to be very effective. In addition the configuration is very flexible because multiple combinations of post-aeration reactor volumes and in the duration of the different phases in the alternating reactors can be selected to achieve effluent nitrogen requirements. This flexibility is limited to the use of moderate values in the post-aeration reactor volumes and in the duration of the aerated phase. An experimental trial of the latter configuration was carried out and demonstrated its operational simplicity by achieving the desired nitrogen requirements in the effluent simply by changing the duration of the aerated phase for a given post-aeration reactor volume. From the experimental results an enhanced simultaneous nitrification-denitrification at the start of aeration in the alternating reactors was found and the ASM2 model was shown to have a satisfactory predictive capacity.
Introduction
The BioDenitro process (Christensen, 1975) has in general two tanks working in an alternating mode of operation ( Figure 1 ) and consequently possesses several advantages when compared to the conventional predenitrification-nitrification Modified Ludzack-Ettinger process (MLE): (i) Internal recirculation is not required thereby minimizing both costs and large transfers of dissolved oxygen to the anoxic reactor. This in turn maximizes denitrification. (ii) The plug-flow effect takes place thereby promoting the prevention of filamentous bulking. (iii) Simplicity and flexibility is high since the use of intermediate phases ( Figure 1 ) make it possible to change the aerobic fraction or the hydraulics by simply changing the duration of every phase, instead of using facultative zones (spatial control) as in the MLE process.
The BioDenitro process has been designed for very strict effluent total nitrogen requirements (8 mg N/l) like those in Denmark. The literature (Bundgaard and Pedersen, 1991) shows that full scale plants operate with high solid and hydraulic retention times (SRT and HRT) (aerobic SRT of about 20 days) and only the main phase and the hydraulic phase are normally used. Relevant research focused on the control of these phases has been described (Isaacs, 1997) . Nevertheless, in some countries like Spain different conditions can arise, which are characterised as follows: (i) For small-medium towns (<100,000 pe) an effluent total nitrogen less than 15 mg N/l is required according to the European Directive 91/271. To achieve this, anoxic fractions considerably lower than 50% are normally required. (ii) When space is scarce, the solid and hydraulic retention times (HRT and SRT) of the process have to be minimized as far as possible. (iii) Specific low effluent NH 4 -N concentrations are required by some water authorities.
In these cases, an increase in the aerobic fraction is needed and the use of the aerated phase combined with other phases can be very useful. Another alternative is the use of a post-aeration reactor (Figure 1 ), which in turn can be used with combined phases in the alternating reactors. Therefore the process offers several alternatives for reactors and phase configurations to suit the different scenarios. Because of the lack of information about these alternatives, the first objective of this study was to analyse by simulations the potential and limits of the different possible configurations to achieve the desired effluent NH 4 -N and total nitrogen. Secondly the study was aimed at the experimental verification of one configuration selected from the simulation study and at the evaluation of the predictive capacity of the activated sludge model No. 2 (Henze et al., 2000) .
Materials and methods

Simulation studies
The different configurations studied were those illustrated in Figure 1 with the following names: ALT-2P, ALT-4PA, ALT-4PH, ALT-6P, ALT-4P+PR. For the simulations of these configurations a specific simulator was developed at CEIT. The characteristics of the influent wastewater used in simulations are the same as those from settled domestic wastewater used in the experimental trials. The average values in dry weather were: Total COD = 250 mg/l, TKN = 26 mg N/l and NH 4 -N = 20 mg N/l.
First of all and as a reference pattern the conventional recirculation MLE process was designed. The compliance with both given effluent requirements and minimum SRT-HRT at 12°C were the criteria used for the design of the MLE process. For this purpose, a simulator with an optimization algorithm was employed (Rivas et al., 2001) . Regarding effluent requirements, the two standards established by the European Directive 91/271 for total nitrogen (TN) were taken into consideration, that is TN = 10 mg N/l for towns with more than 100,000 pe and 15 mg N/l for 10,000-100,000 pe. This would correspond to effluent total inorganic nitrogen values (TIN = NH 4 -N+NO 3 -N) of about 6 and 11 mg N/l taking into account an effluent organic nitrogen of 4 mg/l. In addition, taking into account that hourly TKN load variations were not considered in simulations, the effluent NH 4 -N was restricted to a value of 1.5 mg/l. All the simulations of the different configurations of the BioDenitroAlternating process were carried out using the same SRT and HRT as those obtained in the MLE process, thereby constituting the reference for comparisons.
The general evaluation of the potential of the different configurations studied was carried out taking a very high oxygen transfer coefficient (K L a) value which gives rise to a sudden increase in dissolved oxygen (DO) from 0 to 2 mg/l when aeration started. Operating with low SRT and HRT and with typical hourly variability in TKN and COD loads the OUR during many hours is very high. This brings about a slow increase in DO for typical K L a values. So the evaluation of the K L a effect was incorporated at the end of the simulation study. The duration of one cycle in the alternating reactors (including all phases) was always 180 minutes.
Experimental study
The pilot plant for the experimental verification of the simulation study consisted of a primary settler and two completely mixed tanks of 150 litres each serving as alternating reactors. The plant was provided with a post-aeration reactor (PR) whose volume depended on the operational conditions selected for each experimental trial. Global pilot plant operation was controlled by a PLC that allowed, among other functions, the regulation of the influent and return-sludge flows, phase duration selection and aeration control in alternating reactors, by means of a PID algorithm, at established DO set-point (2 mg/l).
To define the initial operational conditions, the case of a small-medium town (< 100,000 pe) with total nitrogen requirement of less than 15 mg N/l was assumed. Consequently the SRT and HRT for operation were obtained from the optimum design of the MLE process for the settled wastewater and effluent NH 4 -N of 1.5 mg/l and NO 3 -N of 9.5 mg/l at 12°C. This led to theoretical values for SRT and HRT of 8.8 days and 6.1 hours, respectively.
Given that the experimental trial whose results are presented in this paper took place in summer with a temperature of 20°C, its goal was to maintain the SRT and to reduce effluent NO 3 -N as much as possible. Taking this into account and the simulation results the experimental trial used a small (5% of total volume) post-aeration reactor, and started with the basic alternating configuration (ALT-2P) with 50% aerated period. During the transient period the operational conditions were changed in order to achieve the proposed objective in steady state. Influent and effluent composite samples were taken during the transient period and measurements of suspended solids, COD, NH 4 -N and NO 3 -N were carried out. Once the steady state was achieved a specific characterization of the behaviour (NH 4 -N and NO 3 -N profiles) in the alternating reactors during a half cycle time was performed. To evaluate the predictive capacity of the ASM2, a calibration exercise was conducted. The default values of the model were used to start the simulation procedure. The goal was to fit the simulations to the experimental results in influent, effluent and in the alternating reactors.
Results and discussion MLE process (reference)
The design of the MLE process for minimum SRT and HRT and an effluent TIN of 11 and 6 mg N/l (Table 1) gives rise to moderate SRT (15 days for TIN = 6 mg N/l) and very low values for both SRT and the anoxic fraction when TIN = 11 mg N/l.
ALT-2P. Alternating process with main phases
For case A with a TIN of 6 mg N/l the simulation of ALT-2P using the same SRT and HRT as obtained in the MLE process results in a high effluent NH 4 -N value (3.8 mg N/l) while Table 1 Design parameters of the modified Ludzack-Ettinger (MLE) process for minimum SRT at 12°C and for two cases of effluent requirements: TIN = 6 and 11 mg N/L with effluent NH4-N = 1.5 mg N/L in both maintaining the TIN value at 6 mg N/l. The simulation of the MLE process with an anoxic fraction of 50% leads to similar results. The use of high SRTs like those in Bundgaard and Pedersen (1991) achieves a moderate reduction of effluent NH 4 -N. For case B with a TIN of 11 mg N/l, the simulation of ALT-2P using the SRT from MLE (8.8 days) gives rise to the loss of nitrification because of the low aerobic SRT.
ALT-4PA. Combination of main and aerated phases
The introduction of the aerated phase increases the aerobic fraction of the process and its effect on effluent NH 4 -N and TIN can be compared with the MLE process as seen in Figure  2 for case A. The aerobic fraction in the alternating process is calculated considering the duration of all the aerated periods over one cycle. The same SRT and HRT as obtained in the MLE process (Table 1) was maintained throughout the variation in the aerobic fraction. Figure 2 shows that the increase in the aerobic fraction from 50% achieves, as expected, a significant reduction of effluent NH 4 -N in both processes. The slope is slightly steeper in the alternating process. Figure 3 shows how during the aerated phase (between 1 and 1.5 hours) ammonia concentration in Tank 1 decreases because of nitrification, thereby significantly reducing the ammonia peak in the stream to the settler. However Figure 2 reveals that the effluent TIN increases clearly beyond 6 mg N/l in both processes with low effluent NH 4 -N. This means a large increase in NO 3 -N and is due to the reduction of the anoxic fraction and consequently of the denitrification rate. In the alternating process the increase is more marked. This is attributed to the fact that a fraction of the influent substrate is fed to the reactor in aerobic conditions, not anoxic. As a result, a fraction of the substrate is not available for denitrification. For case B the simulation of ALT-4PA (using the SRT from MLE) to obtain low NH 4 -N values (1.5 mg N/l) means the use of a very long aerated phase (67% of the cycle time) and according to the above, results in effluent TIN values as high as 13 mg N/l. It is therefore deduced that the ALT-4PA configuration is not suitable to fulfil all the conditions established regarding SRT, NH 4 -N and TIN in the effluent.
ALT-4PH. Combination of main and hydraulic phases
The introduction of a phase with flow only in the anoxic reactor modifies the hydraulic pattern of the flow entering the settler. The behaviour of NH 4 -N and NO 3 -N (Figure 4 ) in the alternating reactors is similar to that in the ALT-2P configuration. Nevertheless, the NH 4 -N is taken from both reactors to the settler when the values are lowest. Consequently the effluent NH 4 -N is minimized. Regarding the nitrates the behaviour is just the opposite and thus leads to an increase in the effluent value. For case A with a TIN of 6 mg N/l Figure 5 shows that the effluent NH 4 -N decreases through the hydraulic phase until it reaches 50% of the cycle time. What is observed is that the reduction in effluent NH 4 -N does not lead to an increase in TIN since the aerobic fraction does not change. This is very positive compared to what is observed in phase configuration ALT4-PA. Nevertheless, the reduction in effluent NH 4 -N only amounts to about 1 mg N/l at most. This can be insufficient in many cases as in this study where the required effluent NH 4 -N is 1.5 mg N/l and the minimum SRT and HRT are the design criteria. In the case of using high SRT this configuration improves the limitation of the ALT-2P. For the case B with a TIN of 11 mg N/l the loss of nitrification takes place as in ALT-2P.
ALT-6P. Combination of main, aerated and hydraulic phases
From the above considerations it can be deduced that the appropriate combination of both phases (aerated and hydraulic) with the main alternating phase can lead in many cases to a satisfactory outcome. The duration of the aerated phase should take a maximum value so that it gives rise to reduction in ammonia but without increasing TIN beyond the requirements. The duration of the hydraulic phase would be determined by the effluent NH 4 -N desired as long as it is possible to reach.
For case A with a TIN of 6 mg N/l the use of 17% of the cycle time for the aerated phase and 33% for the hydraulic phase achieves an effluent NH 4 -N of 1.5 mg/l and TIN of about 6 mg N/l like that obtained in the MLE process. For case B with a TIN of 11 mg N/l this configuration can achieve this value with an aerated phase of 56% cycle time and 22% for the hydraulic phase. However the effluent NH 4 -N only goes down to a value of 1.7 mg N/l. If lower values are required the aerated phase has to be increased causing high TIN values. Therefore the potential of this configuration ALT-6P is limited for those cases in which the anoxic fraction is low and minimum SRT and HRT are required.
ALT-4P + PR. Incorporation of a post-aeration reactor to ALT-4P
The use of a post-aeration reactor also increases the aerobic fraction of the whole process and therefore makes it possible to reduce efficiently effluent NH 4 -N. Thus, simulations for case A (Figure 6 ) revealed that both the low effluent NH 4 -N values (1.5 mg N/l) and TIN required (6 mg N/l) can be achieved using a post-aeration reactor lower than about 20% of the total volume and a very short aerated phase in the alternating reactors. For volumes of PR over 20% the TIN gradually increases because it brings about a significant reduction in the anoxic fraction of the whole process and in addition the low nitrates generated in the alternating reactors are not sufficient to use up the denitrification potential of the anoxic reactor.
For case B with a TIN of 11 mg N/l the necessary aerobic fraction is very high, so multiple combinations for the duration of the aerated phase and volume fractions of the post-aeration reactor up to about 50% can fulfil the effluent requirements. At the start of the aerated phase high oxygen consumption occurs in configurations operated with minimum SRT and HRT. Consequently for typical daily average K L a values, the steady state simulation shows that the dissolved oxygen (DO) increases quite slowly so that simultaneous nitrification-denitrification takes place at the start of the aerated period. Figure 7 shows that the use of typical K L a values leads to high effluent NH 4 -N values because of the significant inhibition of nitrification when DO is below 2 mg/l. Figure 7 also reveals that this effect can be compensated by the use of higher aerated phase time fractions in the alternating reactors. In addition the effluent TIN value does not increase beyond the desired value (6 mg N/l). This behaviour is attributed to the occurrence of simultaneous denitrification when the low DO levels coincide with substrate feeding. Logically for larger PR volumes than that used for Figure 7 (5%) the necessary aerated phase is lower. Therefore for a given K L a value, multiple combinations of the PR volumes and aerated phase lengths are possible to achieve prefixed effluent NH 4 -N and TIN. This fact indicates the high flexibility that this configuration offers. Nevertheless, some limits should be considered. The use of aerated phases can be interesting because of the beneficial effects of simultaneous nitrification-denitrification but high duration times can lead to an increase in effluent TIN. On the other hand, the use of high values for PR volume is less advantageous regarding the flexibility associated with the alternating process. In addition it decreases the denitrification potential of the whole process. This can be important for example in summer periods when the reduction of effluent NO 3 -N to low values by using high anoxic fractions, is carried out in order to prevent rising sludge in secondary settlers.
The use of typical K L a values in the configuration ALT-6P for case B leads to a longer aerated phase and the negative effects set out above. Therefore the incorporation of a postaeration reactor to the alternating reactors becomes a very effective option when the requirements are low effluent NH 4 -N, relatively high effluent total nitrogen and minimum solids and hydraulic retention times. Table 2 gathers the average results of the experimental trial. The weather was dry and consequently the characteristics of the settled wastewater did not present significant daily variations and therefore the average values are similar to those employed in the simulation study.
As already mentioned the basic alternating configuration ALT-2P with 50% for the aerated period was used at the beginning of the experimental trial. Although the initial sludge contained enough nitrifiers to get an efficient nitrification as predicted by simulations, the effluent NH 4 -N in the following days rose to around 4 mg/l with the risk of less and less nitrification. This was associated with high peaks of effluent NH 4 -N in the afternoons and was caused by a slow increase in the dissolved oxygen, which in turn was due to the high OUR in the afternoon. It must be taken into account that the SRT and HRT were as low as 8 days and 5.3 hours respectively. To overcome this situation, the aerated period was increased by incorporating the aerated phase and according to the conclusions derived from the simulation study. Finally with a total aerated period of 67% (aerated phase: 33%) the effluent NH 4 -N maintained stable values at steady state around 1.5 mg N/l as desired and consequently effluent NO 3 -N had values as low as 3.5 mg N/l on average.
Therefore the design, operation and results from the experimental trial verified the potential of the configuration ALT-4PA +PR, as well as its operational simplicity by changing the duration of the aerated phase. Finally regarding the calibration exercise, the use of ASM2 model coefficient default values led to difficulties when fitting NO 3 -N in the effluent and specially the NO 3 -N profiles in the alternating reactors (Figure 8 ) once the NH 4 -N had been fitted. The only way to achieve a satisfactory prediction for the nitrates was to enhance the simultaneous nitrification-denitrification (SND) effect by increasing the oxygen saturation coefficient for heterotrophic biomass (K OH ) value from 0.2 to 0.5. Meijer et al. (2001) also found high values of K OH when modelling full-scale plants with recirculation processes for nutrient removal. The slow increase in DO was also satisfactorily predicted. Therefore it is thought that SND can play an important role in the BioDenitro-alternating process.
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435 Table 2 Operational conditions and performance in the experimental trial at steady state The different configurations of the BioDenitro-alternating process analysed may suit the various design cases that can arise depending on the wastewater characteristics, space necessary and effluent requirements. The use of the main phase combined with the hydraulic phase is appropriate when large anoxic fractions are required and relatively high solid and hydraulic retention times can be applied to achieve strict effluent total nitrogen requirements. The use of a long aerated phase combined with the main phase in order to reduce effluent NH 4 -N leads to high effluent total nitrogen. Nevertheless the use of short duration of the aerated phase in combination with the main phase and the hydraulic phase can suit cases where effluent total nitrogen requirements are not so stringent. However the above configurations are limited when low effluent NH 4 -N is required, low anoxic fractions are needed, and minimum solid and hydraulic retention time are the design criteria. When the latter conditions have to be fulfilled the incorporation of a post-aeration reactor to the alternating process is very effective. In addition the configuration is very flexible because multiple combinations of post-aeration reactor volumes and of the duration of the different phases in the alternating reactors can be selected to achieve effluent nitrogen requirements. This flexibility is limited to the use of moderate values in the post-aeration reactor volumes and in the duration of the aerated phase. The experimental verification of the latter configuration has shown its operational simplicity to achieve the desired nitrogen requirements in the effluent by changing the duration of the aerated phase for a given post-aeration reactor volume. The simultaneous nitrification-denitrification at the start of aeration in the alternating reactors can play an important role. The Activated Sludge model No. 2 has a high capacity to predict the behaviour in the alternating reactors.
